Introduction {#S1}
============

Chronic (CKD) and end stage kidney disease (ESKD) are more prevalent in individuals of African ancestry than in other racial and ethnic groups.^[@R1]--[@R5]^ Much of the excess risk is attributed to common *APOL1* coding variants, termed G1 and G2, which are restricted to African origin chromosomes and are located in the last exon of the gene. Carrying two *APOL1* risk alleles was strongly associated with focal segmental glomerulosclerosis (FSGS, odds-ratio (OR) 17), HIV-associated nephropathy (HIVAN, OR 29), non-diabetic ESKD (OR 7) and accelerated kidney function decline (hazard-ratio 2--3).^[@R6]--[@R10]^ As ∼12% of African Americans carry an *APOL1* risk genotype (defined by two copies of renal risk alleles: either G1 or G2 homozygosity, or G1/G2 compound heterozygosity), the public health burden in the African American community is substantial.

The prevailing hypothesis is that G1 and to a lesser degree G2 renal risk alleles rose to high frequencies in West Africa due to recent positive selection by *Trypanosoma brucei rhodesiense*, the causal agent of acute human African trypanosomiasis (HAT or African sleeping sickness).^[@R6],[@R11]^ Carrying two renal risk alleles markedly increases susceptibility to glomerulopathies, while one allele has little or no effect but confers protection against acute HAT, suggesting a process of balancing selection analogous to selection of sickle cell trait by malaria.^[@R6],[@R10],[@R12]--[@R14]^

FSGS is a specific histopathological classification of glomerular injury and is caused by a range of genetic, physiologic and environmental factors. HIVAN is a collapsing form of FSGS, and is almost exclusively diagnosed in persons of African ancestry with untreated HIV infection.^[@R15]^ Although statistical evidence strongly supports a causal role for *APOL1* G1 and G2 in kidney disease, ∼30% of African Americans with primary sporadic FSGS or HIVAN do not carry a renal risk genotype,^[@R7]^ raising the possibility that other *APOL1* variants may contribute to the development of these pathologies, especially in individuals with no or one renal risk allele.^[@R16]^ In this report, we first sought to determine if *APOL1* rare and common coding variants were enriched in biopsy-proven sporadic FSGS and HIVAN cases. We sequenced all the *APOL1* exons in 1 437 USA individuals, including 464 African (AA) and European (EA) American cases. We also sequenced the last *APOL1* exon encoding for the trypanolytic functional domains^[@R17]^ in 1 112 individuals representing 53 distinct human populations to identify variants that might have been under selection by trypanosomes or other pathogens and could therefore, analogously to G1 and G2, represent candidates for kidney disease susceptibility. Finally, we tested plasma containing novel variant APOL1 isoforms for trypanolytic potential against *T.b. rhodesiense* and *T.b. gambiense*.

Results {#S2}
=======

Association of common and rare *APOL1* variants with FSGS/HIVAN {#S3}
---------------------------------------------------------------

To identify *APOL1* variants that might be associated with FSGS and HIVAN, we sequenced all *APOL1* exons in 1 437 USA individuals. The study group comprised 241 biopsy-proven sporadic FSGS and 54 biopsy-proven HIVAN AA cases, 169 biopsy-proven sporadic FSGS EA cases, and 651 AA and 322 EA controls. The 33 detected variants comprised 18 missense variants (including the two G1 variants), the G2 in-frame deletion and 3 novel variants ([Table 1](#T1){ref-type="table"} and [Figure 1](#F1){ref-type="fig"}). We used three online tools (SIFT, PolyPhen, and MutationAssessor) to predict the functional consequence of the amino acid substitution based on sequence conservation, predicted structure, and annotation of functional domains features ([Table 1](#T1){ref-type="table"}); four variants are predicted to impact the APOL1 function by at least two algorithms (p.L158F, p.N176S, p.L266R, and p.L345V).

Nineteen of the 33 variants had a minor allele frequency (MAF) ≥ 1% in either AA (19) or EA (13) controls allowing for single SNP association analyses. We tested for association with combined sporadic FSGS and HIVAN (FSGS/HIVAN) in AA and sporadic FSGS in EA, adjusting for sex, genetic ancestry, and carriage of *APOL1* renal risk genotype ([Table 2](#T2){ref-type="table"}). In AA, we replicated the strong association of two G1 and/or G2 risk alleles with FSGS/HIVAN (OR=18.31, P=3.3x10^−58^). After accounting for G1 and G2, a nominally association remained for the intronic rs136163 (OR=1.85, P=2.77x10^−2^), the coding-changing rs41297245 p.G96R (OR=1.88, P=2.44x10^−2^), the intronic rs136168 (OR=0.55, P=1.2x10^−2^) and for the coding-changing rs2239785 p.E150K (OR=0.42, P=3.6x10^−2^), but none of these associations survived the Bonferroni corrections for multiple testing (P\>0.05). The linkage disequilibrium (LD) pattern of the common variants ([Figure S1A](#SD1){ref-type="supplementary-material"}) shows high linkage between all variants and the G1 (*D*' \> 0.92) and G2 (*D*' \> 0.56) polymorphisms. In EA, no common *APOL1* variant was significantly associated with FSGS (nominal P\>0.05). We also explored additive and dominant genetic models, but no significant associations were identified with sporadic FSGS/HIVAN either in AA or EA (data not shown).

We further looked for a combined effect of the set of rare and common variants on sporadic FSGS and HIVAN. In AA, a simple burden test showed no increased frequency of rare (MAF\<1%) *APOL1* variants among FSGS/HIVAN cases compared to controls (P=0.31, [Table 3](#T3){ref-type="table"}). Seeking a compound heterozygote effect, with a rare variant complementing one *APOL1* G1 or G2 risk allele, we looked at the distribution of rare variants among individuals carrying one risk allele: rare variants were non-significantly more frequent among cases (P=0.64). Similarly for EA with sporadic FSGS, there were no associations observed; only two EA controls carried rare variants.

We then used SKAT to consider more general effects of rare and common variants ([Table 4](#T4){ref-type="table"}). With default weighting, which emphasizes rare variants, there were no significant associations in AA or EA. Considering that the common assumption that only rare variants can have large effect size is not applicable to *APOL1* --as G1/G2 is a clear counterexample-- we also ran SKAT with a weighting for predicted functional effect of genetic variants, considering rare and common variants equally; this also revealed no significant association (P=0.25 and P=0.28 in AA and EA respectively).

Population genetics of *APOL1* variants and haplotypes {#S4}
------------------------------------------------------

To identify additional *APOL1* variants that might associate with renal disease in other populations and which may not be represented in previously reported dataset, we sequenced the polymorphic terminal *APOL1* exon in 1 112 individuals from the Human Genome Diversity Project (HGDP)^[@R18],[@R19]^ and International HapMap project,^[@R20]^ representing 53 diverse human populations ([Table S1](#SD1){ref-type="supplementary-material"}). Because the terminal *APOL1* exon encodes the trypanolytic functional domains, evolved rapidly and was under positive selection by pathogens,^[@R21]^ it is thought to be fundamental for APOL1 function. We identified 23 variant sites ([Figure S2](#SD1){ref-type="supplementary-material"}), including 15 codon-altering variants, and allelic frequencies differed among world populations ([Table S2](#SD1){ref-type="supplementary-material"}). We then inferred *APOL1* haplotypes for all HGDP individuals and defined the G1, G2 and G3 haplotypes as previously reported,^[@R7],[@R11],[@R22]^ and G0 as the most frequent haplotype by exclusion of G1, G2 and G3 ([Table S3](#SD1){ref-type="supplementary-material"}). We investigated the evolutionary relationship among the *APOL1* haplotypes with a minimal network analysis ([Figure 2](#F2){ref-type="fig"}). G0 is carried by 74.6% of HGDP chromosomes and is common in all continental groups. G1 and G2 haplotypes are separated from this basal cosmopolitan haplotype by 1--3 mutations, and represent 2.8% of the HGDP chromosomes. As previously reported,^[@R6]--[@R8],[@R11],[@R22]^ G1 and G2 are mostly restricted to Africa, and of the sampled Sub-Saharan populations, only the San Bushmen samples (n=6) carried no G1 and G2 alleles. G3, tagged by the p.M228 and p.R255 variants, is the second most frequent haplotype (15%) and is common throughout Eurasia, but is infrequent in Africa, America, and Oceania (see also [Figure S3](#SD1){ref-type="supplementary-material"}). This haplotype is separated from G0 by 5 mutations, illustrating the high divergence of this haplotype from the other African haplotypes and suggesting an ancient out-of-Africa separation.

Since pathogen-selected variants can also be disease-causing variants (*e.g*. selection for sickle cell trait by malaria, or for G1 by trypanosomes), we searched for signs of positive selection across the HGDP populations. Fixation index (*F~ST~*) estimates quantify the population differentiation in allele frequencies among populations; highly differentiated allele frequency may reflect selection on a variant.^[@R23]^ Pairwise *F~ST~* values suggested population differentiation for G1 (0.12\<*F~ST~*\<0.23), and to a lesser extent for G2 (0.10\<*F~ST~*\<0.14), when comparing Sub-Saharan Africa with other continental groups ([Table S4](#SD1){ref-type="supplementary-material"}). No other *APOL1* haplotype-tagging variants exhibited population differentiation between continental groups that might suggest a selection event. We next computed pairwise *F~ST~* between Sub-Saharan populations for the G1 and G2 variants ([Table 5](#T5){ref-type="table"}). The G2 variant did not show significant frequency differentiation across Sub-Saharan populations. However, the *F~ST~* estimates for G1 ranked in the significant top 0.16%, 0.25%, and 0.51% of the genome-wide *F~ST~* distributions when comparing Yorubas with Bantus, Mandenkas, and Biaka Pygmies, respectively, supporting positive selection on the G1 allele in Western Africa.

Recent selective sweeps on a variant allele result in longer haplotypes and LD patterns, which can be detected by long haplotype tests using the related iHS (integrated haplotype score) and EHH (extended haplotype homozygosity) metrics.^[@R24],[@R25]^ Significant iHS values were observed for G1 in Sub-Saharan Africa ([Table 6](#T6){ref-type="table"}, iHS=3.4, top 0.2% of the genome-wide \|iHS\| distribution), and particularly for Yoruba (top 0.03%), confirming the recent expansion of G1 in West Africa. The extent of LD also tends to be longer for G2 in Sub-Saharan Africa and in Yoruba ([Figure 3A and 3B](#F3){ref-type="fig"}; iHS=1.88, top 5.91%) and a significant sweep was identified in the West African Mandenka population (top 0.83%; see also [Figure 3C](#F3){ref-type="fig"}). A significant iHS was observed for the G3 rs136175 p.M228 tagging variant in Bantus from Kenya (top 0.37%), but the small sample size (n=11), the low MAF (5.6%) and the large frequency confidence interval (95% CI = 0.1--27.3) make this iHS score unreliable, as confirmed by the EHH plot ([Figure 3D](#F3){ref-type="fig"}).

Trypanolytic potential of APOL1 isoforms {#S5}
----------------------------------------

We reasoned that, similarly to *APOL1* G1 and G2, trypanolytic variants would be good candidates for renal disease risk variants. We therefore tested plasma from individuals carrying different APOL1 variants for potential to kill *T.b rhodesiense* or *T.b. gambiense*, the trypanosomes causing HAT ([Figure 4](#F4){ref-type="fig"}). In order to evaluate the trypanolytic potential of APOL1 isoforms independently of the known trypanocidal activity of G1 and G2 isoforms, we identified individuals carrying only the variants of interest and collected plasma samples for the seven common codon-altering variants that we identified in our extensive sequencing screening. None of the plasma samples killed *T.b. gambiense*. We used *T.b. rhodesiense* serum resistance associated (SRA) protein negative (−) sensitive clones as positive controls to confirm that plasma APOL1 could lyse trypanosomes devoid of the SRA protein, which abrogates APOL1-mediated trypanolysis.^[@R26]^ All the plasma samples lysed the *T.b. rhodesiense* SRA^−^ APOL1-sensitive clone, with the sole exception of p.N337-containing serum although we determine by Western blot that the samples contained a sufficient level of non-degraded APOL1 protein to lyse trypanosomes (data not shown). When testing the *T.b. rhodesiense* SRA^+^ resistant clones, only APOL1 G1 and G2 isoforms could lyse the parasite, indicating that G0, G3, p.K150, and p.K264 isoforms could not overcome the SRA-driven APOL1 restriction.

Discussion {#S6}
==========

This is the first large study providing sequencing evidence that only *APOL1* G1 and G2 variants contribute to APOL1-associated nephropathy. We re-sequenced 1 437 African and European Americans seeking for *APOL1* genetic variants that might be enriched in the biopsy-proven sporadic FSGS and HIVAN case groups. We exhaustively analyzed 33 rare and common variants using association analyses, gene-set analyses and compound heterozygous complementation of a single G1 or G2 risk allele analyses, but found no evidence of association with FSGS/HIVAN for other *APOL1* variants. In a re-sequencing survey of 2 224 chromosomes from 53 world populations, we identified no *APOL1* variants other than G1 or G2 in the trypanolytic domains that showed signature of recent selection: as previously reported in different population samples,^[@R6],[@R11]^ G1 revealed signatures of positive selection by population differentiation (*F~ST~*) and long haplotype (EHH and iHS) methods; for the first time, we show evidence of selective sweep for the G2 deletion by long haplotype tests in the West African Mandenka population. However, the G2 variant did not exhibit significant population differentiation by the *F~ST~* estimates, which could suggest a recent selection event that has not yet had time to raise the G2 allele frequency. Finally, none of the tested human plasma containing common codon-altering APOL1 variant other than G1 and G2 restored the ability of APOL1 to lyse *T.b. rhodesiense* or *T.b. gambiense*. These results indicate that it is unlikely that additional rare or common *APOL1* coding variants contribute to glomerulopathies or that other common *APOL1* coding variants have emerged as resistant factors to HAT in Sub-Saharan Africa.

In addition to studying directly the association of *APOL1* coding variants with strongly *APOL1*-related renal outcomes, we intended to characterize additional genetic variants that might have been selected in worldwide populations for protection against pathogens and could therefore, analogously to G1 and G2 with HAT, be new potential candidates for kidney disease pathogenesis. For that, we sequenced worldwide populations, many of which have had historical or recent exposure to trypanosomes, but failed to identify other variants with evidence of selection, including in populations from Central or South America, where *Trypanosoma cruzi* (the cause of American trypanosomiasis or Chagas disease) is endemic. However, it is important to note that if a pathogen-selected variant can be disease-causing, the presence or absence of selection is not *prima faci* evidence that a variant is or not disease-causing. Following the G1/G2 analogy, we also tested human plasma samples containing variant APOL1 isoforms for their lytic potential against the two subspecies responsible for HAT. This strategy was engaged to investigate all possible leads that could reveal new potential candidate variant for kidney disease risk, even if there is no evidence to date relating the ability to evade trypanosomes activity with the pathophysiology of renal injury. Finally, if we could not establish a role for common *APOL1* coding variants in lysis of *T.b. rhodesiense* or *T.b. gambiense*, we cannot exclude that these variants might confer resistance to other pathogen (*e.g. Trypanosoma cruzi*) as there is mounting evidence for a broad APOL1 role in innate immunity.^[@R21],[@R27]--[@R30]^

In parallel to investigating the role of *APOL1* coding variants in kidney disease risk, our study also conveys new information on the G3 haplotype. Based on evidence of recent selection by long haplotype test in the Central African Fulani population, Ko *et al*. had speculated that G3 might afford protection against HAT and contribute to the high prevalence of renal disease reported in African populations.^[@R22]^ First, our analyses strongly suggest that G3 was not selected in a particular African ethnic group, but rather supports the hypothesis of an archaic "out-of-Africa" origin with flow back into Africa from Eurasia:^[@R11]^ (1) our sequencing effort confirmed that G3 is distributed worldwide with high frequency throughout Eurasia; (2) our haplotype network analysis indicates an ancient separation from G0; (3) our selection analysis failed to identify any signs of recent selection. Second, we formally demonstrated that G3 does not confer resistance against trypanosome subspecies causing HAT. Finally, a recent study reported no association for G3 with ESKD in AA.^[@R31]^ Our analysis extends the absence of association for G3 to different kidney pathologies strongly related to APOL1 (*i.e*. sporadic FSGS and HIVAN) in AA, and for the first time, in EA.

While *APOL1* G1 and G2 risk genotypes have been repeatedly associated with non-diabetic CKD and rapid progression to ESKD in African Americans,^[@R8]^ African Americans with low risk *APOL1* genotypes remain at greater risk for ESKD than European Americans, suggesting that they may harbor additional, yet unidentified, renal risk variants.^[@R9]^ Collectively, beyond the G1 and G2 risk variants, our extensive re-sequencing effort revealed no additional rare or common *APOL1* genetic coding variants that impact the incidence of sporadic FSGS or HIVAN, indicating that if such variants exist, they must be very rare and/or have a weak effect. Future studies will be required to determine whether the variants reported here might influence other renal or cardiac diseases (*e.g*. Mendelian-inheritance FSGS cases) and/or play a role in a population with a different genetic background (*e.g*. Asia), and whether regulatory (promoter or intron) variants or non-*APOL1* variants (*e.g*. in other nearby genes) might confer an increased kidney disease risk. Importantly, in a potential translation to personalized medicine, our findings suggests that sequencing *APOL1* exons is unlikely to bring additional benefit for kidney transplantation, prevention or clinical management of kidney disease compared to genotyping only *APOL1* G1 and G2 risk alleles.

Methods {#S7}
=======

FSGS/HIVAN study participants {#S8}
-----------------------------

DNA and phenotypic data were available for three case-control groups, as previously described.^[@R7],[@R32],[@R33]^ Cases were enrolled in the NIH FSGS Genetic Study from 22 academic medical centers in the United States and included AA with biopsy-proven sporadic FSGS (n=241) or biopsy-proven HIVAN (n=54), defined histologically as HIV-associated collapsing glomerulopathy, and EA with biopsy-proven sporadic FSGS (n=169). Patients with strong evidence for adaptative FSGS such as a result of reflux nephropathy, reduced renal mass, sickle cell nephropathy, or morbid obesity and FSGS due to medications were excluded. The control groups are composed of AA (n=397) or EA (n=322) controls from the NIH blood bank and the NCI donor pool from Maryland, and of AA hypernormal controls (n=254) from the ALIVE cohort in Baltimore, MD who were HIV-1 infected for 8 or more years with normal kidney function. Institutional review boards at each collaborating medical center approved study protocols and each subject provided written informed consent.

Global population groups {#S9}
------------------------

DNA samples representing globally diverse populations were from the Foundation Jean Dausset-CEPH HGDP (Paris, France; n=960 from 52 distinct ethnic groups), and from the International HapMap Project cell lines obtained from the Coriell Repository (Camden, NJ; n=60 unrelated Yorubas, Nigeria and 92 unrelated Luhyas, Kenya). Extensive genotyping data were available from the CEPH-HGDP database (650 000 SNPs)^[@R18]^ and the International HapMap Project (\>3 million SNPs in the Phase II).^[@R20]^

Sequencing {#S10}
----------

For the NIH FSGS cohort, all *APOL1* exons and a portion of adjacent introns were sequenced by the Sanger method, while the global population samples were only sequenced for the terminal *APOL1* exon (883bp) and a portion of the adjacent intron. Primers and conditions are listed in [Table S5](#SD1){ref-type="supplementary-material"}. For all samples, *APOL1* G1 (rs73885319 and rs60910145), G2 (rs71785313) and G3 (rs136175 and rs136176) SNPs were genotyped by TaqMan (Applied Biosystems, Foster City, CA) to confirm sequencing results. In addition, ancestry informative markers were available for all FSGS/HIVAN cases and controls.^[@R7],[@R32]^

Single SNP association analysis with FSGS/HIVAN {#S11}
-----------------------------------------------

We compared the distribution of common variants (MAF≥1% in controls) among controls and cases for additive, dominant, and recessive models, adjusting for sex, ancestry, and carriage of renal risk genotypes (G1/G1, G2/G2, or G1/G2). Logistic regression was performed using the R glm function.^[@R34]^

Gene-set test for association of rare and common variants with FSGS/HIVAN {#S12}
-------------------------------------------------------------------------

We first considered whether rare variants (MAF\<1%) were more frequent in cases than controls in a simple burden test. The analyses were performed on all subjects, and also on subsets of subjects determined by the number of *APOL1* risk alleles, notably to identify variants complementing one G1 or G2 risk allele as compound heterozygous. For a more general test, allowing for variants to be either deleterious or protective, we used SKAT (R SKAT)^[@R35]^ in two ways: first with default weighting which predominantly considers rare SNPs; secondly weighting for predicted functional consequence of the variants, giving predictions from PolyPhen,^[@R36]^ SIFT,^[@R37]^ and MutationAssessor^[@R38]^ a numerical value for severity, and taking an average, while giving noncoding SNPs a minimal score. Each SKAT analysis was done taking G1/G2 as confounding covariates, as most *APOL1* variants have significant LD with these factors in AA.

Evolution and selection analyses of *APOL1* haplotypes {#S13}
------------------------------------------------------

*APOL1* haplotypes were inferred using the ShapeIT method^[@R39]^ for all the HGDP individuals. The phylogenetic history of the *APOL1* haplotypes was examined using a haplotype minimal network determined by the reduced median algorithm implemented in the Network 4.612 program.^[@R40]^ The network was constructed by first connecting haplotypes that differed by single nucleotide changes and next adding increasingly more distant haplotypes. The process was carried on until all haplotypes were included. To detect signature of selection, pairwise *F~ST~* values were calculated between continental groups and between Sub-Saharan populations as defined in ^[@R19]^ using SmileFinder.^[@R41]^ If selection occurs in a population in a time frame \<80 000yrs, the frequency of the selected variant may change, which is reflected by a high *F~ST~* value.^[@R23]^ For each pairwise comparison, we sampled the HGDP genotypic data across the genome and considered the top 1% (within the 99th percentile) of the *F~ST~* genome-wide distribution as significant. To further investigate natural selection, we also computed the extended LD or long range haplotype based metrics, EHH and iHS, within each HGDP population using the rehh R package.^[@R42]^ The persistence of a long haplotype with high frequency and a long LD pattern indicates a recent or on-going selective sweep (time frame \<10 000yrs). Within each population, we also sampled the HGDP genotypic data of SNPs across the genome with a MAF\>5% and considered the top 1% (within the 99th percentile) of the \|iHS\| genome-wide distribution as significant.

Trypanolytic potential of APOL1 variants {#S14}
----------------------------------------

We evaluated the trypanolytic potential of human plasma samples from subjects exhibiting various APOL1 variants on *T.b. gambiense* LiTat 1.3, *T.b. rhodesiense* ETat 1.2S and *T.b. rhodesiense* ETat 1.2R clones as previously described in ^[@R43]^. ETat 1.2S is a SRA^−^ clone sensitive to normal human serum (NHS), and ETat 1.2R is a SRA^+^ clone resistant to NHS due to the inhibition of APOL1 trypanolytic effect by direct interaction of SRA with APOL1.^[@R26]^ Titration of trypanolytic activity in plasma samples after overnight incubation was expressed as the percentage of survival compared with fetal calf serum control. In parallel, the APOL1 levels in plasma samples were determined by Western Blot with anti-APOL1 antibody (Sigma).

We tested plasma from individuals carrying the G1 and G2 renal risk alleles (3 G1/G1, 3 G1/G2, and 3 G2/G2), the G3 missense variants (4 G3/G3 and 4 G3/WT), the rs2239785-A; p.K150 variant (14 K150/K150 and 5 K150/WT), the rs116136671-G; p.S176 variant (1 S176/WT who carried also p.N337), the rs73885316-A; p.K264 variant (1 K264/WT who was also K150/K150), and the rs16996616-A; p.N337 variant (2 N337/WT). As a control, we also tested a plasma sample from an individual carrying none of these variants (WT/WT or G0/G0).
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![Genetic map of the targeted *APOL1* regions in the NIH FSGS cohort\
The different functional domains composing the APOL1 protein are coded as follows: hatching for the pore-forming (p.M60-W235), dot for the membrane-addressing (p.A238-P304), and tartan for the SRA-interacting (p.A339-L398) domains. When no rs number is available in dbSNP (build 137), the chromosome position is indicated based on the GRCh37 human genome version. The amino-acid positions refer to isoform a (NP_003652, 398aa). The G1, G2 and G3 variants are labeled. For the sake of clarity, we truncated the last exon and did not represent the full 3'UTR.](nihms683743f1){#F1}

![Phylogenetic network for the HGDP *APOL1* haplotypes\
Each pie chart represents a haplotype, with the area of the circle a function of the number of haplotypes found in our continental populations (stated next each pie chart). The large separation of G3 from other common haplotypes --indicated by the high number of mutation events (red dashes between two haplotypes)-- is consistent with the hypothesis that it was inherited from introgression of archaic populations into modern humans; this is further supported by the fact that it is common in Eurasia but rare in Africa. Correspondingly, G0 plausibly represents the common haplotype in modern humans, common in all continental groups.](nihms683743f2){#F2}

![EHH plots for *APOL1* haplotypes in Sub-Saharan Africa (A), Yoruba from Nigeria (B), Mandenka from Senegal (C) and Bantu from Kenya (D)\
The genome coordinates refer to the GRCh37 human genome version. *APOL1* G1 (red) and to a lesser extent G2 (orange) alleles showed an enlarged LD pattern in Sub-Saharan Africa and in Yoruba populations and G2 also exhibited an extended LD pattern in Mandenkas compared to G0 (light blue), suggesting a recent positive selection in West Africa. On the contrary, *APOL1* G3 allele (green) did not show conclusive evidence of long LD pattern in the Bantu population.](nihms683743f3){#F3}

![Trypanolytic activity for diverse APOL1 isoforms\
The results are expressed in percent of control growth in fetal calf serum for the following *Trypanosoma brucei* clones: *T.b. rhodesiense* SRA^+^ resistant clone (Tbr R) in black, *T.b. rhodesiense* SRA sensitive clone (Tbr S) in light gray, and *T.b. gambiense* (Tbg) in dark grey. Below each individual bar chart, the anti-APOL1 Western blot results confirm the presence of non-degraded APOL1 protein in the plasma sample. We tested the following APOL1 isoforms: G1 in homozygous state (bar chart 1) and heterozygous state with G2 (bar chart 2), G2 (bar chart 3), G3 (bar charts 4 and 5), rs2239785-A; p.150K (K, bar charts 6 and 7), and G0 or WT homozygous (bar chart 8). The only rs73885316-A; p.K264-containing sample was also homozygous for p.150K: the results are therefore similar to bar chart 6. Each bar chart is representative of several experiments. While none of the tested plasma killed *T.b. gambiense*, all of them killed *T.b. rhodesiense* devoid of SRA (Tbr S), our positive control. Only plasma from individuals carrying G1 or G2 variants could overcome the SRA-driven inhibition and kill *T.b. rhodesiense* R.](nihms683743f4){#F4}

###### 

Variant sites identified in African American or European American cases and controls.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                                                                            Predicted functional\              African Americans                   European Americans                                                      
                                                                                                            consequence                                                                                                                                    
  ---------------------------------------------------- --------------- ---- -------- -------- ------------- ---------------------------------- ----------------------------------- ----------------------------------- ------------- ----------- --------- --------------------------------------
  SNP                                                  Position v37    A1   A2       Class    Amino acid\   S[1](#TFN2){ref-type="table-fn"}   PP[2](#TFN3){ref-type="table-fn"}   MA[3](#TFN4){ref-type="table-fn"}   FSGS/HIVAN\   Controls\   FSGS\     Controls\
                                                                                              change                                                                                                                   (n=295)       (n=651)     (n=169)   (n=322)

  rs13056427                                           36,649,802      T    C        Intron   \-            \-                                 \-                                  \-                                  2.01          4.48        25.44     20.18[4](#TFN5){ref-type="table-fn"}

  rs4820224                                            36,653,275      A    G        Intron   \-            \-                                 \-                                  \-                                  2.01          4.19        11.44     12.39[4](#TFN5){ref-type="table-fn"}

  rs136163                                             36,657,628      T    G        Intron   \-            \-                                 \-                                  \-                                  1.94          5.18        21.86     19.57[4](#TFN5){ref-type="table-fn"}

  rs41297245                                           36,657,740      T    C        NonSyn   G96R          T                                  B                                   N                                   1.06          5.49        4.46      4.78[4](#TFN5){ref-type="table-fn"}

  rs136164                                             36,657,789      A    G        Intron   \-            \-                                 \-                                  \-                                  35.28         48.47       39.22     40.00

  rs136168                                             36,660,842      G    A        Intron   \-            \-                                 \-                                  \-                                  63.21         48.48       23.73     21.25

  chr22:36661148 C\>T                                  36,661,148      T    C        Intron   \-            \-                                 \-                                  \-                                  0.64          0.95        0.00      0.00

  rs136169                                             36,661,149      A    G        Intron   \-            \-                                 \-                                  \-                                  2.58          4.83        23.51     20.03

  rs28480494                                           36,661,152      G    A        Intron   \-            \-                                 \-                                  \-                                  2.58          4.74        23.51     20.03

  rs141898256                                          36,661,200      C    T        Syn      N106N         \-                                 \-                                  \-                                  0.00          0.16        0.00      0.37

  rs2239785                                            36,661,330      A    G        NonSyn   E150K         T                                  D                                   L                                   11.30         35.71       77.27     79.15

  rs148296684                                          36,661,354      T    C        NonSyn   L158F         T                                  D                                   M                                   0.00          0.16        0.00      0.00

  rs116136671                                          36,661,409      G    A        NonSyn   N176S         D                                  D                                   M                                   1.54          5.16        0.30      0.00

  rs150846072[5](#TFN6){ref-type="table-fn"}           36,661,455      T    C        Syn      L191L         \-                                 \-                                  \-                                  0.00          0.08        0.00      0.00

  rs201739609[6](#TFN7){ref-type="table-fn"}           36,661,518      A    G        NonSyn   M212I         T                                  B                                   L                                   0.00          0.00        0.00      0.16

  chr22:36661531 A\>G[7](#TFN8){ref-type="table-fn"}   36,661,531      G    A        NonSyn   T217A         T                                  B                                   N                                   0.18          0.00        0.00      0.00

  rs136174                                             36,661,536      C    A        Syn      A218A         \-                                 \-                                  \-                                  2.90          5.30        22.62     20.50

  rs136175 (G3)                                        36,661,566      G    A        NonSyn   M228I         T                                  B                                   N                                   2.90          5.30        22.62     20.40

  rs136176 (G3)                                        36,661,646      G    A        NonSyn   R255K         T                                  B                                   N                                   2.47          4.72        22.16     20.66

  rs73885316                                           36,661,674      A    C        NonSyn   N264K         T                                  PD                                  L                                   0.35          2.38        0.00      0.00

  rs142955744                                          36,661,679      G    T        NonSyn   L266R         D                                  D                                   L                                   0.17          0.15        0.00      0.00

  rs73403889                                           36,661,691      A    G        NonSyn   G270D         T                                  B                                   N                                   0.00          0.24        0.00      0.00

  rs369288414[8](#TFN9){ref-type="table-fn"}           36,661,745      A    G        NonSyn   R288Q         T                                  B                                   N                                   0.00          0.12        0.00      0.00

  rs141788376                                          36,661,791      T    C        Syn      R303R         \-                                 \-                                  \-                                  0.27          0.12        0.00      0.00

  rs150588135                                          36,661,796      A    G        NonSyn   R305Q         T                                  B                                   N                                   0.00          0.35        0.00      0.00

  rs136177                                             36,661,842      G    A        Syn      R320R         \-                                 \-                                  \-                                  3.18          7.16        22.92     20.56

  rs16996616                                           36,661,891      A    G        NonSyn   D337N         D                                  B                                   N                                   2.55          8.83        0.30      0.00

  rs73885319 (G1)                                      36,661,906      G    A        NonSyn   S342G         T                                  B                                   N                                   54.10         21.81       0.00      0.00

  chr22:36661915 C\>G[7](#TFN8){ref-type="table-fn"}   36,661,915      G    C        NonSyn   L345V         D                                  PD                                  M                                   0.00          0.12        0.00      0.00

  rs60910145 (G1)                                      36,662,034      G    T        NonSyn   I384M         T                                  PD                                  N                                   53.06         21.27       0.00      0.00

  rs71785313 (G2)                                      36,662,046-51   \-   TTATAA   NonSyn   NYK388-389K   \-                                 \-                                  \-                                  25.42         13.13       0.00      0.00

  rs575163164[4](#TFN5){ref-type="table-fn"}           36,662,425      A    G        3'UTR    \-            \-                                 \-                                  \-                                  0.00          0.08        0.00      0.00

  rs557809907[4](#TFN5){ref-type="table-fn"}           36,662,514      T    C        3'UTR    \-            \-                                 \-                                  \-                                  0.17          0.00        0.00      0.00
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The allelic frequencies are reported for the A1 allele in %.

SIFT: (T) Tolerated, (D) Deleterious

PolyPhen: (B) Benign, (PD) Possibly Damaging, (D) Damaging

Mutation Assessor: (N) Neutral, (L) Low, (M) Medium

Due to technical problems, we complemented our EA controls genotypic data with the 1000 Genomes EA data for these four SNPs

Singleton, also reported in the 1000 Genomes Project

Singleton, also reported in the ClinSeq project

Singleton

Singleton, also reported in the Exome Sequencing Project.

###### 

Single SNP recessive associations with sporadic FSGS/HIVAN in African Americans and FSGS in European Americans.

  SNP                      African Americans   European Americans                                   
  ------------------------ ------------------- -------------------- --------- -------------- ------ ------
  rs13056427               1.74                1.52E-02             1.67      0.07           1.83   0.53
  rs4820224                1.36E06             0.98                 1.43E06   0.99           0.74   0.99
  rs136163                 1.96                2.88E-03             1.85      **2.77E-02**   1.25   0.78
  rs41297245               1.96                2.98E-03             1.88      **2.44E-02**   0.00   0.99
  rs136164                 2.32                1.06E-02             1.87      0.05           2.40   0.41
  rs136168                 0.41                9.51E-06             0.55      **1.23E-02**   0.88   0.51
  rs136169                 0.54                0.59                 0.63      0.72           1.77   0.20
  rs28480494               0.73                0.79                 0.76      0.83           1.77   0.20
  rs2239785                0.14                1.20E-06             0.42      **3.56E-02**   0.95   0.80
  rs116136671              0.00                0.98                 0.00      0.98           .      .
  rs136174                 0.69                0.75                 1.89      0.59           1.67   0.24
  rs136175 (G3)            0.69                0.75                 1.89      0.59           1.67   0.25
  rs136176 (G3)            0.67                0.73                 1.73      0.64           1.66   0.25
  rs73885316               0.00                0.97                 0.00      0.98           .      .
  rs136177                 0.00                0.97                 0.00      0.98           1.68   0.24
  rs16996616               0.00                0.97                 0.00      0.98           .      .
  rs73885319 (G1)          9.66                **9.97E-25**         .         .              .      .
  rs60910145 (G1)          9.75                **9.04E-24**         .         .              .      .
  rs71785313 (G2)          5.69                **3.39E-06**         .         .              .      .
  2 *APOL1* risk alleles   18.31               **3.31E-58**         .         .              .      .

###### 

Burden tests for association of rare variants with sporadic FSGS and HIVAN in the US population.

  ------------------------------------------------------------------------------------------------------------------------
  Ancestry   No. G1/G2\     Subjects carrying\   Subjects without rare\   Odds Ratio\   FET\                        
             risk alleles   rare variants        variants                 (95% CI)      Pvalue                      
  ---------- -------------- -------------------- ------------------------ ------------- -------- ------------------ ------
  AA         0, 1, or 2     6                    22                       596           1250     0.57\              0.31
                                                                                                 \[0.19 -- 1.46\]   

  AA         0              2                    10                       62            522      1.68\              0.38
                                                                                                 \[0.18 -- 8.16\]   

  AA         1              2                    7                        106           585      1.58\              0.64
                                                                                                 \[0.16 -- 8.43\]   

  AA         2              5                    3                        425           143      0.56\              0.42
                                                                                                 \[0.11 -- 3.66\]   

  AA         0 or 1         4                    21                       168           1103     1.25\              0.56
                                                                                                 \[0.31 -- 3.77\]   

  EA         0              0                    2                        356           646      0\                 0.54
                                                                                                 \[0.0 -- 9.69\]    
  ------------------------------------------------------------------------------------------------------------------------

FET, Fisher's exact test; CI, confidence interval; AA, African American; EA, European American.

Subject numbers are chromosome counts. The analyses were constrained by the number of *APOL1* renal risk alleles. The analysis constrained to individuals carrying 1 risk allele was intended to seek for compound heterozygous complementing one G1 or G2 allele.

###### 

SKAT tests for association of rare and common variants with sporadic FSGS and HIVAN in the US population.

  ----------------------------------------------------------
  Ancestry   No. G1/G2\     Weighting               SKAT\
             risk alleles                           Pvalue
  ---------- -------------- ----------------------- --------
  AA         0, 1, or 2     Default                 0.07

  AA         0, 1, or 2     Functional prediction   0.25

  AA         1              Default                 0.55

  AA         1              Functional prediction   0.47

  EA         0              Default                 0.95

  EA         0              Functional prediction   0.28
  ----------------------------------------------------------

AA, African American; EA, European American.

The analyses were performed in all AA and all EA, as well as restricted to individuals carrying 1 risk allele to seek for compound heterozygous with G1 or G2.

###### 

Pairwise *F~ST~* estimates between HGDP Sub-Saharan populations.

  G1, rs73885319           Biaka Pygmy          Mbuti Pygmy         Bantu                San                 Yoruba               Mandenka       Bantu South Africa
  ------------------------ -------------------- ------------------- -------------------- ------------------- -------------------- -------------- ------------------------
  **Biaka Pygmy**                                                                                                                                
  **Mbuti Pygmy**          10--8                                                                                                                 
  **Bantu**                10--8                10--8                                                                                            
  **San**                  10--8                0                   10--8                                                                        
  **Yoruba**               **0.3206 (0.51%)**   **0.4015 (1.3%)**   **0.3170 (0.16%)**   **0.4075 (5.8%)**                                       
  **Mandenka**             10--8                0.0616              10--8                0.0253              **0.2036 (0.25%)**                  
  **Bantu South Africa**   10--8                10--8               10--8                10--8               **0.2804 (1.1%)**    10--8          
                                                                                                                                                 
  **G2, rs71785313**       **Biaka Pygmy**      **Mbuti Pygmy**     **Bantu**            **San**             **Yoruba**           **Mandenka**   **Bantu South Africa**
                                                                                                                                                 
  **Biaka Pygmy**                                                                                                                                
  **Mbuti Pygmy**          10--8                                                                                                                 
  **Bantu**                10--8                10--8                                                                                            
  **Luhya**                10--8                10--8               10--8                                                                        
  **San**                  0.0253               10--8               10--8                                                                        
  **Yoruba**               10--8                0.0032              10--8                0.0325                                                  
  **Mandenka**             10--8                0.0995              0.0829               0.1604              10--8                               
  **Bantu South Africa**   10--8                0.0692              0.0272               0.0281              10--8                10--8          

For the top signals, we reported the corresponding top x% of the *F~ST~* genome-wide distribution in parenthesis.

###### 

iHS score for HGDP continental (**A**) and Sub-Saharan (**B**) populations.

  A\)                                                                           
  ----------------- ------ -------------- ------- ------- ------- ------ ------ -------
  rs73885319 (G1)          3.39 (0.21%)                                         
  rs60910145 (G1)          3.46 (0.18%)                                         
  rs71785313 (G2)          1.88                                                 
  rs136175 (G3)     1.26   −1.66          −0.53   −0.53   −0.41   0.03   0.26   −1.26
  rs136176 (G3)     1.26   −1.76          −0.57   −0.57   −0.41   0.03   0.26   −1.26

  B\)                                                                                   
  ----------------- ------- ------- --------------- ----- -------------- -------------- ------
  rs73885319 (G1)                                         4.34 (0.03%)                  n/a
  rs60910145 (G1)                                         4.34 (0.03%)                  
  rs71785313 (G2)   0.16                                  −1.08          2.84 (0.83%)   2.44
  rs136175 (G3)     2.19    −0.28   −3.37 (0.37%)   n/a                                 n/a
  rs136176 (G3)     −1.02   0.25                    n/a                                 

iHS score were computed in each population where minor allele frequency of the core variant is \>5%. For the top signals, we reported the corresponding top x% of the genome-wide \|iHS\| distribution (in average, top 1% of the distribution corresponded to \|iHS\|\>2.7). n/a, not available; SA, South Africa.
